Virus-induced activation of nuclear factor-kappa B (NF-κB) is required for Type 3 (T3) reovirus-induced apoptosis. We now show that NF-κB is also activated by the prototypic Type 1 reovirus strain Lang (T1L), which induces significantly less apoptosis than T3 viruses, indicating that NF-κB activation alone is not sufficient for apoptosis in reovirus-infected cells. A second phase of virus-induced NF-κB regulation, where NF-κB activation is inhibited at later times following infection with T3 Abney (T3A), is absent in T1L-infected cells. This suggests that inhibition of NF-κB activation at later times post infection also contributes to reovirus-induced apoptosis. Reovirus-induced inhibition of stimulus-induced activation of NF-κB is significantly associated with apoptosis following infection of HEK293 cells with reassortant reoviruses and is determined by the T3 S1 gene segment, which is also the primary determinant of reovirus-induced apoptosis. Inhibition of stimulus-induced activation of NF-κB also occurs following infection of primary cardiac myocytes with apoptotic (8B) but not non-apoptotic (T1L) reoviruses. Expression levels of the NF-κB-regulated cellular FLICE inhibitory protein (cFLIP) reflect NF-κB activation in reovirus-infected cells. Further, inhibition of NF-κB activity and cFLIP expression promote T1L-induced apoptosis. These results demonstrate that inhibition of stimulus-induced activation of NF-κB and the resulting decrease in cFLIP expression promote reovirus-induced apoptosis.
Introduction
Reoviruses are non-enveloped viruses comprised of two concentric protein capsids surrounding a genome of 10 segments of double-stranded RNA. Mammalian reoviruses provide a well-established experimental system for studying mechanisms of virus-induced pathogenesis. Type 3 (T3) reoviruses can induce apoptosis in cultured cells in vitro and in target tissues in vivo, including the heart and central nervous system. 1 In these key target organs, viral infection, tissue injury and apoptosis colocalize suggesting that apoptosis is a critical mechanism by which disease is triggered in the host. 2− 5 Further, additional support for this view comes from studies indicating that inhibition of apoptosis reduces reovirus-induced tissue injury. 4 Reovirus-induced apoptosis is mediated by members of the tumor necrosis factor (TNF) family of ligands, which attach to cell surface death receptors to induce the activation of initiator (caspase 8) and effector (caspases 3 and 7) caspases. 3, 6, 7 Mitochondrial pathways of apoptosis, initiated following the caspase 8-dependent cleavage of Bid, contribute to effector caspase activation in virus-infected cells. 7, 8 In addition reovirus can sensitize cells to death receptor induced apoptosis. 7, 9 The nuclear factor-kappa B (NF-κB) family of transcription factors plays a key role in the regulation of cell growth and survival. The prototypical form of NF-κB exists as a heterodimer of proteins p50 and p65 (RelA), which is sequestered in the cytoplasm of quiescent cells through its association with members of the IκB family of inhibitory proteins. 10− 13 Site specific phosphorylation, followed by ubiquitination and proteosomal degradation of IκB, allows NF-κB to translocate to the nucleus and activate cellular gene expression. 14− 17 Infection with T3 reoviruses induces the activation of NF-κB in a variety of cell types, including human embryonic kidney 293 (HEK293) and HeLa cells. 18, 19 This activation is required for T3 reovirus-induced apoptosis in these cells, which is inhibited by stable over-expression of an IκB super-repressor or treatment of cells with a proteosome inhibitor (Z-L 3 VS) that blocks IκB degradation. 18, 19 T3 reovirus-induced apoptosis is also inhibited in immortalized mouse embryo fibroblasts (MEFs) with targeted disruptions in the genes encoding the p50 or p65 subunits of NF-κB. 18 Although required for apoptosis, T3
reovirus-induced activation of NF-κB is transient and at later times post infection (PI) the activation of NF-κB by a wide variety of stimuli is inhibited in infected cells. 18, 19 In this report we show that NF-κB is also activated following infection with the Type 1 reovirus strain, Lang (T1L), which induces apoptosis inefficiently in infected cells (APO− ), and that this activation parallels that of the strongly apoptotic (APO+) T3 reovirus strain, Abney (T3A). 20− 22 In contrast, T1L does not inhibit NF-κB activation at later times PI, whereas T3A does. Our results demonstrate that inhibition of stimulus-induced activation of NF-κB is associated with apoptosis following infection of both HEK293 cells and primary cardiac myocytes. We further show that the T3 S1 gene segment, which is the primary determinant of reovirus-induced apoptosis, also determines the ability of reovirus strains to inhibit stimulus-induced activation of NF-κB. 20, 21, 23 In addition, chemical inhibition of NF-κB was found to significantly enhance apoptosis in primary myocytes following infection with T1L (APO− ). Taken together these results demonstrate that inhibition of stimulus-induced activation of NF-κB following T3-reovirus infection promotes apoptosis in both HEK293 cells and primary myocytes, and therefore contributes to viral pathogenesis. Virus-induced regulation of the NF-κB dependent gene encoding the cellular inhibitor of caspase 8 (also known as FLICE inhibitory protein, cFLIP) provides a potential mechanism for these findings.
Materials and methods

Cells and virus
HEK293 (ATCC CRL1573) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 100 U/ml each of penicillin and streptomycin and containing 10% fetal bovine serum (FBS) and were maintained at 37
• C with 5% CO 2 . HEK293 cells expressing a dominant negative (DN) form of the Fas Associated Death Domain protein (FADD-DN) or the IκB super-repressor (IκB N2) were gifts from Dr. Gary Johnson (University of North Carolina School of Medicine) Neonatal rat cardiac myocytes were generated in the laboratory of Dr. Carlin Long (University of Colorado Health Sciences Center). Myocytes were cultured in DMEM with Hanks salts supplemented with 5% FBS, 1 mg/ml bovine serum albumin, 50 U/ml penicillin, 2 µg/ml vitamin B-12 (Sigma), 10 µg/ml transferrin (Sigma), 10 µg/ml insulin (Sigma) and 0.1 mM BrdU (Sigma) and were maintained at 37
• C with 1% CO 2 . Reovirus strains Type 3 Abney (T3A) and Type 1 Lang (T1L) are laboratory stocks that have been plaque purified and passaged (twice) in L929 (ATCC CCL1) cells to generate working stocks. T1L × T3A reassortant viruses were grown from stocks originally isolated by Tricia Jandris, Lynda Morrison and Graeme Wilson in the laboratory of Bernard Fields. 24 Virus 8B is a reassortant virus derived from a mouse infected with T1L and T3D. 25 EB121 and E3 are reassortant viruses derived from T1L and T3 Dearing (T3D). All EW reassortants were derived from 8B × EB121, whereas all DW reassortants were derived from EW60 and E3. Reovirus EW and DW reassortants have been characterized for their myocarditic potential. 25, 26 All EW and DW reassortants and 8B were gifts from Dr. Barbara Sherry (North Carolina State University). Virus infections were performed using a multiplicity of infection (MOI) of 100.
Apoptosis assays
Apoptotic nuclear morphology and cell viability were determined by staining with acridine orange and ethidium bromide at a final concentration of 1 µg/ml each. Following staining, cells were examined by epifluorescence microscopy (Nikon Labophot-2: B-2A filter, excitation, 450-490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells containing condensed nuclei and/or marginated chromatin in a population of 100 cells was recorded. The specificity of this assay has been previously established in reovirus-infected cells using DNA laddering techniques and electron microscopy. 9, 20 Cell populations were also analyzed by flow cytometry to determine (i) the cell surface exposure of phosphatidylserine, using Annexin V-FITC (Trevigen), and (ii) intracellular levels of active caspase 3, using a fluorochrome inhibitor of caspases (FLICA, Immunochemistry Technologies).
Reagents
Etoposide were purchased from Sigma and was used at a concentration of 100 µM respectively. TNFα was purchased from Invitrogen and was used at a concentration of 100 ng/ml. The cell permeable, synthetic, peptide inhibitors of caspase 3 (Ac-DEVD-CHO; Ac-AspGlu-Val-Asp-CHO) and caspase 8 (Ac-IETD-CHO; AcIle-Asp-Thr-Glu-CHO) were purchased from Calbiochem and were used at a concentration of 10 µM, which we have shown to be effective at inhibiting caspase activity in HEK293 cells. 7 The cell permeable inhibitor of NF-κB translocation, SN50, was purchased from Calbiochem and was used at a concentration of 18 µM. Staurosporine (Sigma) was used at a concentration of 5 µM. Antisense and sense oligonucleotides were prepared by Integrated DNA Technologies (IDT) at a concentration of 1 µM following HPLC purification. Phosphothionate bonds present between nucleotides were included to enhance cell permeability. Antisense cFLIP: 5 -gatttcagcagacatcctac-3 and sense cFLIP: 5 -catcctacagacgacttcag-3 sequences were used. 27, 28 Oligonucleotides were added directly to the media (10 nM) and cells were incubated for 18 h prior to viral infection. Oligonucleotides were then added back to the media following infections.
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared from treated cells (5 × 10 6 ) by washing cells in PBS followed by incubation in hypotonic lysis buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonylfluoride, and a protease inhibitor cocktail [Boehringer Mannheim]) at 4
• C for 15 min. One-twentieth volume 10% NP-40 was added to the cell lysate and the sample was vortexed for 10 s and centrifuged at 10,000× g for 5 min. The nuclear pellet was washed once in hypotonic buffer, resuspended in highsalt buffer (25% glycerol, 20 mM HEPES [pH 7.9], 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonylfluoride, and protease inhibitor cocktail), and incubated at 4
• C for 2 to 3 h. Samples were centrifuged at 10,000 × g for 10 min and the supernatant was used as the nuclear extract.
Nuclear extracts were assayed for NF-κB activation by EMSA using a [
32 P]-labeled oligonucleotide consisting of the NF-κB consensus binding sequence (Santa Cruz Biotechnology). Nuclear extracts (5 to 10 µg total protein) were incubated with a binding reaction buffer containing 2 µg poly·dI·dC (Sigma) in the presence of 20 mM HEPES (pH 7.9), 60 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, and 5% glycerol at 4
• C for 20 min. Radiolabeled NF-κB consensus oligonucleotide (0.1 to 1.0 ng) was added, and the mixture was incubated at room temperature for 20 min. For competition experiments, ten-fold excess unlabeled consensus oligonucleotide or an oligonucleotide containing the SP-1 consensus site (Santa Cruz Biotechnology) were added to reaction mixtures. Nucleoprotein complexes were subjected to electrophoresis on native 5% polyacrylamide gels at 180 V, dried under vacuum, and exposed to Biomax MR film (Kodak).
Western blot analysis
Following infection with reovirus, cells were pelleted by centrifugation, washed twice with ice-cold phosphatebuffered saline and lysed by sonication in 200 µl of a buffer containing 15 mM Tris, pH 7.5, 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM β-mercaptoethanol, 100 µg/ml leupeptin, 2 µg/ml aprotinin, 40 µM Z-D-DCB, and 1 mM PMSF. The lysates were then cleared by centrifugation at 16, 000 g for 5 min, normalized for protein amount, mixed 1:1 with SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 300 mM β-mercaptoethanol, 30% glycerol, and 5% pyronine Y), boiled for 5 min and stored at -70
• C. Proteins were electrophoresed by SDS-PAGE (10% gels) and probed with antibodies directed against IκBα (Santa Cruz # 203) and cFLIP (GeneTex # GTX26144) which recognizes the 55kD cFLIPL (FLIP alpha) protein. All lysates were standardized for protein concentration with antibodies directed against actin (Oncogene # CP01). Autoradiographs were quantitated by densitometric analysis using a Fluor-S MultiImager (BioRad Laboratories).
Immunocytochemistry
Primary cardiac myocytes were grown on 8-well chamber slides coated with rat-tail collagen (Becton Dickenson 354630). Cells were infected with reovirus 24-26 h prior to fixation with 3.7% formaldehyde/ phosphate-buffered saline (PBS) for 15 min at room temperature. Cells were subsequently permeablized and blocked with 5% normal goat serum (Vector S1000) in PBS with 0.1% Tween 20 for 2-4 h at room temperature. Cells were incubated overnight at 4
• C with antibodies directed against NF-κB (Santa Cruz, sc-8008) at a 1:30 dilution in blocking solution. After washing in PBS/0.1% Tween 20, cells were incubated with secondary anti-rabbit IgG conjugated to FITC (Vector FI 1200) for 1 h at room temperature before being counterstained with Hoechst 33342 (Molecular Probes H 3570) for 3 min at room temperature. Cells were then washed in PBS/0.1% Tween 20, mounted with vectashield (Vector H1000) and digitally imaged using a Zeiss Axioplan2 epifluorescence microscope.
Statistical analysis
One-way analysis of variance (ANOVA) was performed using GraphPad InStat software.
Results
Activation of NF-κB is not sufficient for apoptosis induced by prototype reovirus strains The T3 prototype reovirus strain, T3A (APO+) induces significantly more apoptosis in infected HEK293 cells than the T1 prototype reovirus strain, T1L, as determined by nuclear morphology (P < 0.001 at 48 h) and caspase 3 activation assays (P < 0.001) ( Figure 1) . We have previously shown that T3A infection induces the transient activation of NF-κB in infected HEK293 cells. 19 Thus at early times PI with T3A NF-κB is activated and translocates to the nucleus. However, at later times PI activated NF-κB is no longer present in the nuclei of T3A-infected cells. The activation of NF-κB following reovirus infection is required for T3A-induced apoptosis in HEK293 cells. 19 In addition, the ability of reovirus to inhibit NF-κB activation at later times PI may sensitize cells to TRAIL-induced apoptosis and may be required for apoptosis in TRAIL-resistant cells. 19 To determine the importance of NF-κB regulation in reovirus-induced apoptosis we investigated NF-κB activation following infection with T1L (APO− ). EMSA analysis, using nuclear extracts from T1L-infected HEK293 cells, was used to demonstrate the presence of activated NF-κB in the nucleus of T1L (APO− )-infected cells as early as 2 h PI. As expected, activated NF-κB was also present in the nucleus of T3A (APO+)-infected cells at early times PI (Figure 2) . However, at late time PI (24 h) levels of activated NF-κB were reduced in the nuclei of T3A (APO+)-infected cells whilst remaining high in the nuclei of T1 (APO− )-infected cells.
These results demonstrate that T1L (APO− ), in addition to T3A (APO+), activates NF-κB following viral infection of HEK293 cells. This indicates that NF-κB activity is required for, but is not sufficient for, reovirusinduced apoptosis. Our results also suggest that the inhibition of NF-κB seen at late times following infection with T3A (APO+), but not T1L (APO− ), may be an additional requirement for reovirus-induced apoptosis. HEK293 cells were infected with reovirus strains T3A or T1L for the indicated times. Nuclear extracts were then prepared and EMSA analysis was performed using a radiolabeled oligonucleotide probe comprising NF-κB binding sequences. Shifted bands, corresponding to activated NF-κB: DNA complexes are indicated. The specificity of the probe sequences was confirmed by including a 10-fold excess of cold oligonucleotides comprising NF-κB (κB) or SP6 (SP) binding sequences in reactions using nuclear extracts from T3A-infected cells (4 h PI).
T3A (APO+), but not TlL (APO− ), inhibits stimulus-induced activation of NF-κB at later times post infection
The ability of T3A (APO+) to inhibit NF-κB activity at later times PI accounts for both the transient nature of NF-κB activation in reovirus-infected cells and the inhibition of stimulus-induced activation of NF-κB. 19 Since reovirus-induced apoptosis is mediated by death ligands and since death ligand-induced apoptosis is enhanced in cells where NF-κB activity is blocked, the ability of reovirus to inhibit stimulus-induced activation likely promotes reovirus-induced apoptosis. 19 Having shown that T1L (APO− )-induced activation of NF-κB is not followed by a later inhibition phase, we next investigated whether T1L (APO− ) infection inhibited stimulus-induced activation of NF-κB. Both TNF and the topoisomerase-II inhibitor, etoposide, which are strong inducers of NF-κB, were used as stimuli for our experiments. HEK293 cells were infected with T1L (APO− ) for 12 h before being treated with TNF and were harvested for EMSA analysis after a further 1 h ( Figure 3A ). T1L (APO− ) did not inhibit the ability of TNF to activate NF-κB compared to mock-infected cells. In comparison T3A (APO+) completely inhibited TNF-induced activation of NF-κB ( Figure 3A) . Similar results were obtained using etoposide as the stimulus for NF-κB activation (not shown).
The degradation of IκB is required for NF-κB activation. We therefore also investigated the ability of 
reovirus to inhibit stimulus-induced degradation of IκB. HEK293 cells were infected with reovirus for 12 h prior to treatment with etoposide and were harvested for western blot analysis after a further 3 h. T3A (APO+), but not T1L (APO− ), was found to inhibit etoposide-induced degradation of IκB ( Figure 3B ). Similar results were ob- Table 1 . Ability of reassortant reoviruses (T1L × T3A) to induce apoptosis and to inhibit stimulus-induced degradation of IκB. . This data is graphed against virus-induced apoptosis in Figure 4 . Also shown is the mean % apoptosis for two independent experiments. Apoptosis was determined 48 h PI (MOI 100) by annexin assays.
tained using TNF as the stimulus for IκB degradation (not shown). Activation of NF-κB by two different stimuli is thus inhibited at later times PI in T3A (APO+), but not T1L (APO− )-infected HEK293 cells, again suggesting that the inhibition of NF-κB seen at late times following infection with T3A (APO+) may be required for reovirusinduced apoptosis.
Inhibition of stimulus-induced activation of NF-κB is determined by the T3A S1 gene segment and correlates with apoptosis in reovirus-infected cells
Having shown that T3A inhibits stimulus-induced activation of NF-κB, whereas T1L does not, we next wished to identify whether a specific viral gene determined this difference. HEK293 cells were infected with a panel of T1L × T3A reassortant reoviruses. Twelve h PI cells were treated with etoposide. Cells were then harvested after a further 3 h for western blot analysis using antibodies directed against IκB. The ability of different reassortant viruses to inhibit the etoposide-induced degradation of IκB seen in mock-infected cells and the derivation of the various genome segments of each virus is shown in Table 1 . The S1 gene segment alone was identified as being significantly associated with strain-specific differences in virus-induced inhibition of etoposide-induced IκB degradation (t test, P = 0.0008; M-W test, P = 0.0159). Although statistical analysis identified the T3A S1 gene segment as an important determining factor in the ability of reoviruses to inhibit stimulus-induced degradation of IκB it is important to note that reassortant viruses containing the T3A S1 gene segment in the presence of other gene segments derived from T1L show reduced Table 2 . Ability of reassortant reoviruses (myocarditic and non-myocarditic) to induce apoptosis and to inhibit stimulus-induced degradation of IκB. apoptosis. This indicates that it is likely that other T3A gene segments also play a role in apoptosis following viral infections.
% Apoptosis
Since the T3 S1 gene segment has previously been shown to be the primary determinant of reovirus-induced apoptosis we next investigated the correlation between inhibition of etoposide-induced degradation of IκB and apoptosis following infection of HEK293 cells with the T3A X T1L reassortant viruses (Table 1, Figure 4A ). 20, 21 Using linear regression analysis we obtained an R 2 value of 0.89 (P = 0.0001) indicating a significant correlation between apoptosis induction and inhibition of etoposideinduced degradation of IκB.
Infection of neonatal mice with the reassortant reovirus 8B 25 induces myocarditis. 29, 30 We have shown that apoptosis is a key mechanism by which 8B induces myocarditic cell death and tissue injury in infected animals. 4, 31 A second panel of reovirus reassortants that differ in myocarditic potential were therefore investigated for their ability to induce apoptosis and to inhibit stimulus-induced activation of NF-κB in HEK293 cells. 24 These viruses again revealed a significant correlation (R 2 = 0.91, P = 0.0004) between the ability to induce apoptosis and inhibition of stimulus-induced degradation of IκB (Table 2, Figure 4B ). Among the reassortants tested a high level of apoptosis and a high degree of inhibition of stimulus-induced activation of NF-κB were required for the myocarditic phenotype ( Figure 4B ).
These results demonstrate that inhibition of stimulusinduced activation of NF-κB is strongly correlated with apoptosis induction following reovirus-infection of HEK293 cells.
Reovirus-induced inhibition of stimulus-induced activation of NF-κB is associated with apoptosis in a pathogenic model of reovirus infection
Infection of primary cardiac myocytes has been used to investigate the mechanisms of cell death that result in viral-induced myocarditis. 4,32− 35 We used this model to explore the association of viral-induced inhibition of stimulus-induced activation of NF-κB and apoptosis during viral pathogenesis. Myocytes were mock-infected or were infected with either the strongly myocarditic reovirus reassortant 8B or the weakly myocarditic virus T1L. Twenty four h PI cells were then treated with staurosporine (NF-κB activating stimulus) and after a further 2 h the number of cells containing nuclear (active) NF-κB was determined by immunocytochemistry ( Figure 5A ). Following mock-infection staurosporine induced the nuclear translocation (activation) of NF-κB, as expected. Infection with 8B, but not T1L, inhibited staurosporineinduced activation of NF-κB. Consistent with our results in HEK293 cells, 8B, but not T1L, also induced apoptosis in primary cardiac myocytes ( Figure 5B ).
These results demonstrate that reovirus-induced inhibition of stimulus-induced activation of NF-κB is associated with apoptosis in primary cardiac myocytes.
Inhibition of NF-κB promotes apoptosis in reovirus-infected cells
Our results suggest that, in addition to the initial activation of NF-κB, 18, 19 reovirus-induced apoptosis also requires a later phase of NF-κB regulation where stimulusinduced activation of NF-κB is inhibited in infected cells. To confirm the contribution of this later, inhibitory, phase to reovirus-induced apoptosis we investigated the effect of a cell permeable inhibitor of NF-κB (SN50), which functions to inhibit nuclear translocation of NF-κB, on reovirus-induced apoptosis. Primary cardiac myocytes were infected with 8B (APO+) or T1L (APO− ) in the presence or absence of SN50 and were assayed for apoptosis after 48 h by nuclear morphology assays. As expected, 8B (APO+) induced high levels of apoptosis in infected primary cardiac myocytes at 48 h PI. This apoptosis was not inhibited following treatment of cells with SN50 ( Figure 6A ), suggesting that reovirus-induced apoptosis in primary cardiac myocytes does not require NF-κB activation. In fact, SN50-treatment resulted in a small increase in 8B-induced apoptosis. Also as expected, T1L did not induce apoptosis in infected primary cardiac myocytes ( Figure 6A ). However, in SN50-treated cells the ability of T1L to induce apoptosis increased significantly (P < 0.05) from 11 to 42%. These results demonstrate that NF-κB inhibition promotes apoptosis following reovirus infection of primary cardiac myocytes and suggest that the ability of reoviruses to inhibit stimulus-induced activation of NF-κB is a pro-apoptotic event.
In contrast, apoptosis is not required for inhibition of stimulus-induced activation of NF-κB following T3 reovirus infection ( Figure 6B ). HEK293 cells were infected with reovirus for 12 h prior to treatment with etoposide. After a further 3 h cells were then harvested for western blot analysis using antibody directed against IκB. Inhibition of apoptosis by expression of FADD-DN or treatment with inhibitors of caspase 3 (Ac-DEVD-CHO) or caspase 8 (Ac-IETD-CHO) did not block inhibition of stimulusinduced degradation of IκB following reovirus infection.
T3 reoviruses inhibit cFLIP expression
NF-κB regulates the expression of several cellular genes that function to inhibit apoptosis, including cFLIP, the cellular inhibitor of caspase 8. 36 To determine whether the inhibition of NF-κB-regulated genes following reovirusinfection contributed to an apoptotic phenotype we investigated cFLIP expression in reovirus-infected cells. HEK293 cells were infected with reovirus and were harvested at various times post infection for western blot analysis using antibodies directed against cFLIP. Following infection with both T1L (APO− ) and T3A (APO+)-infection cFLIP levels increased, as would be expected consequent to the early activation of NF-κB in reovirusinfected cells ( Figure 7A ). This increase in cFLIP activation was not seen following T3A-infection of cells expressing the NF-κB super-repressor, IκB N2. Since the expression of IκB N2 prevents NF-κB activation, this indicated that activation of NF-κB was required for reovirus induced increases in cFLIP. The requirement of NF-κB for reovirus-induced activation of cFLIP was confirmed using the NF-κB inhibitor, SN50, which also inhibited up-regulation of cFLIP in T3A-infected cells ( Figure 7B ). At later times PI cFLIP levels dropped in T3A-infected cells, consistent with the shut-off of NF-κB activation in these cells ( Figure 7A ). In contrast, following T1L (APO− ) infection levels of cFLIP increased and then remained stable. These results suggest that falling levels of cFLIP are associated with enhanced apoptosis in reovirusinfected cells ( Figure 7A ). We next used antisense oligonucleotides directed against cFLIP 28 to determine the effect of reduced cFLIP expression on reovirus-induced apoptosis. At a concentration of 10 µM antisense cFLIP oligonucleotides decreased T1L-induced up-regulation of cFLIP ( Figure 7C ) and significantly (P < 0.001) increased T1L inducedapoptosis from 21 to 41% ( Figure 7D ). In contrast sense cFLIP oligonucleotides did not decrease T1L-induced upregulation of cFLIP and did not increase T1L-induced apoptosis. Neither sense nor antisense cFLIP oligonucleotides changed apoptosis induced by T3A ( Figure 7D ).
Discussion
The NF-κB pathway provides an attractive target to viral pathogens for modulating host cell events. Activation of NF-κB is a rapid immediate early response that occurs within minutes after exposure to a relevant inducer, which does not require de novo protein synthesis and which can promote the expression of over 100 cellular genes, including genes that participate in the host immune response, oncogenesis and regulation of apoptosis. NF-κB is activated by many viruses, including human immunodeficiency virus 1 (HIV-1), 37 human T cell leukemia virus-1, 38 hepatitis B virus, 39 hepatitis C virus (HCV), 40, 41 Epstein Barr Virus, 42 rotavirus 43 and influenza virus 44 to promote viral replication, prevent virus-induced apoptosis, and mediate the immune response to the invading pathogen. 45 In contrast, activation of NF-κB by Sindbis 46, 47 and Dengue virus 48 is associated with the induction of apoptosis, which may increase viral spread. In still other cases, proteins encoded by adenovirus, 49 HCV 50 and African swine fever virus 51 inhibit NF-κB activity to enhance replication or contribute to viral pathogenicity.
T3 strains of reovirus (APO+) induce the activation of NF-κB in epithelial cell lines and this activation is required for apoptosis in infected cells. 18, 19 However, we now demonstrate that T1L, which induces significantly less apoptosis than T3A, activates NF-κB to a similar degree (Figure 2 ). This suggests that although required for apoptosis, reovirus-induced activation of NF-κB is not sufficient for apoptosis in infected cells.
Reovirus strain T3A (APO+) induces a second phase of NF-κB regulation in infected cells where the activation of NF-κB is inhibited at later times PI. 19 This inhibition results in both the transient nature of NF-κB activation following infection with T3A (APO+) and in the inhibition of NF-κB activation following treatment of cells with external stimuli, such as TNF or etoposide.
19 T1L (APO− ) does not induce this second phase of NF-κB regulation. Thus T1L (APO− )-induced activation of NF-κB is sustained and activated NF-κB is present in the nucleus of infected cells at late times post infection (Figure 2) . Further, T1L (APO− ) does not inhibit stimulus-induced activation of NF-κB (Figure 3) . These results suggest that reovirus-induced inhibition of NF-κB at later times PI is also required for apoptosis in infected cells and is supported by our demonstration that inhibition of stimulusinduced degradation of IκB is determined by the T3A S1 gene segment, which also determines reovirus-induced apoptosis. 20, 21 In addition, the ability of reoviruses to inhibit stimulus-induced degradation of IκB correlates with apoptosis following infection with two independent panels of reovirus reassortants (Figure 4) . The reovirus S1 gene segment encodes 2 viral proteins, the viral attachment protein σ 1 and the non-structural protein σ 1s both of which may contribute to apoptosis in reovirus-infected cells. σ 1s is the determinant of reovirusinduced G 2 /M cell cycle arrest, an effect that results from inhibition of the G 2 /M regulatory kinase p34 cdc2 . 52,53 σ 1s contains a nuclear localization sequence and causes dramatic changes in nuclear architecture in infected cells. 54 Although it is not required for reovirus-induced apoptosis of L929 or HEK293 cells, 52 σ 1s enhances both the kinetics and extent of reovirus-induced apoptosis in vivo by as yet undefined mechanism. 55 In virions, the reovirus σ 1 protein is a homotrimer comprised of an elongated fibrous tail, which inserts into the virion, and an externally facing globular head. 56 The heads of both reovirus T1 and T3 σ 1 proteins contain a binding domain for junctional adhesion molecule (JAM), which serves as the primary reovirus receptor. 57 In addition, the fibrous tail of the T3 reovirus σ 1 protein contains a domain that binds α-linked sialic acid. 58 Type 3 reovirus binding to both JAM and sialic acid are required for reovirus-induced activation of NF-κB and apoptosis. 23 The S1 gene segment of T3, but not T1L, reoviruses, is also associated with the ability to induce the activation of the c-Jun N-terminal kinase (JNK), which is also required for reovirus-induced apoptosis. 59, 60 Together, these results suggest that reovirus-induced apoptosis is induced by the activation of cellular signaling pathways early in viral infection. We therefore predict that signaling pathways induced by reovirus binding will bring about the inhibition of NF-κB seen following T3 infection.
Reovirus-induced apoptosis is mediated in epithelial cells by TNF related death-inducing ligand (TRAIL) and is blocked by reagents that inhibit TRAIL binding to its apoptosis-associated receptors, death receptors (DRs) 4 and 5. 6 Reovirus-induced apoptosis is also blocked by reagents that inhibit signaling events downstream of TRAIL-receptor binding. 6 NF-κB has the ability to influence TRAIL-signaling pathways in two ways. Firstly, NF-κB can act in a pro-apoptotic manner by up-regulating the expression of both TRAIL and its receptors. 61− 64 The increase in levels of DR5 protein expression seen following reovirus infection of HEK293 cells and the release of TRAIL from infected cells may thus reflect virus-induced activation of NF-κB. 6 Death receptor signaling pathways are commonly used by viruses to induce apoptosis. For example, HIV infection increases the expression of TRAIL and sensitizes T-cells to TRAIL-mediated apoptosis. 65 In addition, alteration of the cell surface expression of Fas may be involved in virus-induced, or viral regulation of, apoptosis in cells infected with influenza virus, 66 NF-κB also regulates many genes encoding proteins with anti-apoptotic properties, including cFLIP, 36 which can inhibit DR-induced apoptosis. Our results show that cFLIP is regulated by NF-κB following reovirus infection and that inhibition of cFLIP can promote apoptosis in T1L-reovirus infected cells. We thus propose that following infection of HEK293 cells TRAIL-mediated apoptosis is first initiated by the activation of NF-κB and then enhanced by the later inhibition phase which results in the down-regulation of cFLIP. Inhibition of cFLIP in T1L infected cells does not increase apoptosis to levels seen following infection with T3A suggesting that additional pro-apoptotic mechanisms, are present in T3A, but not T1L-infected cells. These could include the downregulation of additional NF-κB-dependent anti-apoptotic genes. Alternatively, it is possible that the sustained activation of NF-κB in T1L-infected cells, may prevent apoptosis through the up-regulation of as yet unidentified genes.
Reovirus infection of primary cardiac myocytes has been used to investigate the mechanisms of cell death that result in tissue injury. 4,32− 35 We have previously shown that apoptosis is a key mechanism by which reovirus induces myocarditic cell death and tissue injury in infected animals. 4, 31 We now show that in contrast to results in HEK293 cells, activation of NF-κB is not required for reovirus-induced apoptosis in primary cardiac myocytes ( Figure 6 ). In addition, 8B induces apoptosis in the hearts of infected p50 − /− mice to a similar degree to that seen in wild type controls (not shown). The requirement of NF-κB activation for reovirus-induced apoptosis may therefore be cell-type specific. However, our demonstration that 8B (myocarditic), but not T1L (non-myocarditic), induces both the inhibition of stimulus-induced activation of NF-κB and apoptosis in infected primary cardiac myocytes ( Figure 5 ) suggests that reovirus-induced inhibition of stimulus-induced activation of NF-κB contributes to viral-induced myocarditis. We further show that chemical inhibition of NF-κB enhances T1L-induced apoptosis in these cells ( Figure 6 ).
